Abstract. The hypocretin/orexin neuropeptide system coordinates the regulation of various physiological processes. Our previous study reported that a reduction in the expression of pleomorphic adenoma gene-like 1 (Plagl1), which encodes a C2H2 zinc-finger transcription factor, occurs in hypocretin neuron-ablated transgenic mice, suggesting that PLAGL1 is co-expressed in hypocretin neurons and regulates hypocretin transcription. The present study examined whether canonical prepro-hypocretin transcription is functionally modulated by PLAGL1. double immunostaining indicated that the majority of hypocretin neurons were positive for PLAGL1 immunoreactivity in the nucleus. Notably, PLAGL1 immunoreactivity in hypocretin neurons was altered in response to several conditions affecting hypocretin function. An uneven localization of PLAGL1 was detected in the nuclei of hypocretin neurons following sleep deprivation. chromatin immunoprecipitation revealed that endogenous PLAGL1 may bind to a putative PLAGL1-binding site in the proximal region of the hypocretin gene, in the murine hypothalamus. In addition, electroporation of the PLAGL1 expression vector into the fetal hypothalamus promoted hypothalamic hypocretin transcription. These results suggested that PLAGL1 may regulate hypothalamic hypocretin transcription.
Introduction
Hypocretin/orexin is a hypothalamic neuropeptide, which is involved in various physiological processes, including emotion, energy homeostasis, feeding behavior, reward, and sleep/vigilance maintenance and regulation (1) . Hypocretin expression is almost exclusively localized in the lateral hypothalamus (2, 3) . Furthermore, two conserved promoter regions, orexin regulatory element (OE)1 and OE2, have been identified within a 3.2-kb fragment located upstream of the prepro-hypocretin gene. These regions have been reported to target specific expression within the lateral hypothalamus (3) .
To detect and characterize the proliferation of hypocretin neurons during embryonic development, 5-bromo-2-deoxyuridine was administered into the developing ventral diencephalon of embryos of pregnant rats; this region is where the embryonic hypothalamus is located (4) . Hypocretin neuron proliferation peaked sharply on day 12 of embryonic development. In mice, our previous study detected prepro-hypocretin transcription from embryonic day (E)10, using reverse transcription-polymerase chain reaction (PcR) (5) . A recent study using mice expressing enhanced green fluorescent protein (EGFP) under the control of the prepro-hypocretin promoter demonstrated that EGFP and the hypocretin peptide are detectable from E12 and E14, respectively (6) . These findings suggest that translational repression persists until the hypocretin neurons migrate to a predetermined position, similar to other neurons (7) . In utero electroporation of an EGFP expression vector into the third ventricle at E12 revealed that some hypocretin neurons co-localize with EGFP in the adult hypothalamus (8) . These signals suggest that some hypocretin neurons originate from the progenitor cells of the third ventricular zone, at least at E10-E12. Following migration to the designated area, these cells probably differentiate into hypocretin-producing cells with the help of various factors, including the hedgehog protein and its downstream transcription factors, which are essential for anterior hypothalamic patterning (9) .
The co-expressed transcription factors in hypocretin neurons regulate hypocretin transcriptional activities under several conditions. Forkhead box A2 (FOXA2) regulates prepro-hypocretin expression in the lateral hypothalamus during fasting (10) . Furthermore, co-expression with LIM homeobox 9 (LHX9) has been observed in a subset of developmental hypocretin-positive cells in the hypothalamus (9) and adult murine hypocretin neurons (11) . LHX9 is important for the normal development of a subset of hypocretin neurons and canonical sleep behavior; however, to the best of our knowledge, no direct effect on adult hypocretin expression has been found (11) . In our previous study, several transcription factors were identified that are downregulated in the hypothalamus of hypocretin neuron-ablated transgenic mice (12) ; specifically, early B-cell factor 2 (Ebf2); fifth ewing sarcoma variant (Fev); insulin-like growth factor-binding protein 3 (Igfbp3); pleomorphic adenoma gene-like 1 (Plagl1); POU domain class 2, transcription factor 1 (Pou2f1); paired-related homeobox gene 1 (Prrx1); nuclear receptor subfamily 6 group A member 1 (Nr6a1); and visual system homeobox gene 2 (Vsx2). Ebf2-null mice exhibit a significant reduction in hypocretin neurons in the lateral hypothalamus (13) , and EBF2 modulates hypocretin promoter activities via the olf-1 motif (14) . Igfbp3, Plagl1 and Pou2f1 have also been identified as co-localized genes using comprehensive translational profiling of all ribosome-bound transcripts (11) . Our previous study revealed that IGFBP3 reduces promoter activity of prepro-hypocretin (12) , and NR6A1 upregulates hypocretin transcription in embryos (8) .
Involvement of PLAGL1/ZAC1 in hypocretin/orexin transcription
The present study aimed to examine the involvement of these downregulated transcription factors (12) in hypocretin transcription. This study further identified PLAGL1 as a co-expressed transcription factor in hypothalamic hypocretin neurons. PLAGL1 has seven zinc fingers of the c2H2 class (15) , recognizes dNA and RNA, and possesses transcriptional activity (16) . In humans, PLAGL1 undergoes parental genomic imprinting and is paternally expressed (17) . Plagl1-null mice exhibit intrauterine growth restriction, altered bone formation and neonatal lethality (18) ; therefore, null mouse lines are difficult to obtain. In the present study, the functional relevance of PLAGL1 in hypocretin transcription was investigated and the results revealed that PLAGL1 may be associated with the canonical development and modulation of various physiological processes in hypocretin neurons via newly identified PLAGL1 binding sites (G 4 N 2 G 4 ) (19) within the hypocretin upstream promoter region.
Materials and methods
Ethics statement. All animal experiments were conducted in accordance with the Guidelines for the care and Use of Laboratory Animals of the National Institute of Health (20) , and were approved by the Ethics committee on Animal Experiments of the Kansai Medical University (Hirakata, Japan; approval Id: 17-050) and the Tokyo Metropolitan Institute of Medical Science (Tokyo, Japan).
Animals.
A total of 41 male c57 black/6J mice were obtained from Shimizu Laboratory Supplies co., Ltd. (Kyoto, Japan) housed under a 12-h light/dark cycle, with the lights on between 8:00 a.m. and 8:00 p.m., corresponding to Zeitgeber time (ZT) 0-12. The mice were maintained at 22-24˚C, and were provided food and water ad libitum. A total of 20 mice (weight, 28-30 g; age, 12 weeks) were sacrificed at ZT6, ZT18, or ZT6 with 6 h of total sleep deprivation (Sd6h) for immunohistochemical analysis. Sd6h experiments were conducted using the Seesaw shaker (shaking angle, 10˚; Wave-SI; Taitec corporation, Koshigaya, Japan) for examination of sleep/wakefulness organization. To examine the effects of fasting, nine mice (weight, 28-30 g; age, 12 weeks) were deprived of food at ZT6 and were sacrificed within the following 2 days at ZT6. Another group of 12 mice were fed a high-fat diet (HFd; d12451; Research diets Inc., New Brunswick, NJ, USA) beginning at 8 weeks of age. A normal chow diet (MF; Oriental Yeast co., Ltd., Tokyo, Japan) provided 3.6 kcal/g of energy (61% carbohydrate, 26% protein and 13% fat), whereas the HFd provided 4.7 kcal/g of energy (35% carbohydrate, 20% protein and 45% fat). After 4 weeks of the HFD, the mice were sacrificed at ZT6. There was no difference in food intake between the control and HFd groups (28.3±1.4 vs. 26.2±3.8 g at 8 weeks of age); however, a significant difference was observed in body weight between the two groups following each diet intake (28.0±2.4 vs. 35 Mice were deeply anesthetized with pentobarbital (50 mg/kg, i.p.), and transcardially perfused with PBS, followed by 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4). The whole brains were removed, immersed in 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4) for 12 h at 4˚C, cryoprotected in 20% sucrose in 0.1 M phosphate buffer (pH 7.4) for 6 h at 4˚C, and cryosectioned into 25-µm coronal sections. Sections were stored in PBS/0.3% Triton X-100 (PBST) with 60% glycerol at -20˚C until use. The free-floating sections were blocked with PBST/5% bovine serum albumin (BSA; cat. no. A-4503; Sigma-Aldrich; Merck KGaA) at room temperature for 2 h and incubated overnight at 4˚C with a rabbit anti-hypocretin-1 antibody (1:5,000; cat. no. H-003-30; Phoenix Pharmaceuticals, Inc., Burlingame, cA, USA) and mouse anti-PLAGL1 antibody [1:1,000; ZAc1 antibody (c-7)] in PBST/5% BSA. The next day, sections were incubated with a donkey cy5-labeled anti-mouse immunoglobulin (Ig) GmbH, Jena, Germany). Bright-field images of Fast Red staining were captured using the Eclipse E-1000M (Nikon corporation, Tokyo, Japan) with a digital camera.
The antibody used to identify hypocretin-immunoreactive neurons exhibits 100% cross-reactivity with human, bovine, mouse and rat hypocretin-1, but no cross-reactivity with human hypocretin-2 or other related peptides. control experiments included the omission of the primary antibody, as well as extensive tests for cross-reactivity of the secondary antibodies. All control experiments resulted in the absence of staining. Expression vectors and reporter plasmids. The cAG promoter derived from the pcA-pA expression vector was cloned into the pcdNA3 vector (Invitrogen; Thermo Fisher Scientific, Inc.), resulting in the development of the pcAGGS vector as a control for in utero electroporation (mock). High-fidelity PCR amplification of murine Plagl1 from the embryonic brain at E10-E12 was performed using KOd plus dNA polymerase (Toyobo Life Science, Osaka, Japan), betaine and either an mPlagl1_546F primer with a KpnI site (5'-cGG GGT Acc AAA GGc cAT GGc Tcc ATT ccG cTG TcA-3') or an mPlagl1_2671R primer with a BamHI site (5'-TAG ATc cGG TGG ATc cTT ATc TAA ATG cGT GAT GGA-3'). The KpnI and BamHI sites are underlined in the sequences provided. Following PCR amplification, as follows: One cycle at 98˚C for 2 min, followed by 20 cycles of denaturation at 94˚C for 30 sec, annealing at 60˚C for 30 sec and extension at 68˚C for 2 min, and a final extension step at 68˚C for 5 min, Plagl1 was sub-cloned into the pcAGGS vector (pcAGGS-mPlagl1). The expression vector pcAGGS-EGFP, which contains EGFP cdNA under the control of the cAG promoter, was prepared to confirm the introduced locations and check the introduction efficiencies for in utero electroporation in the murine hypothalamus (8).
The reporter plasmids pGL3-basic and pGL4.74 [hRluc/TK] were purchased from Promega corporation (Madison, WI). The pGL4.74 [hRluc/TK], encoding Renilla luciferase, was used as an internal control of transfection efficiency for the reporter assay. The human prepro-hypocretin promoter sequence from the position -3,278/+87 was subcloned into the upstream region of the firefly luciferase gene in the pGL3-basic plasmid (3.2 kb-basic) (8) . The murine prepro-hypocretin promoter sequence from the position -382/+91 amplified with KOD plus DNA polymerase, mHcrt_+92_BglII (5'-GGA AGA TcT GGA Acc TTT GTA GAA GGA AAG-3'; the BglII site is underlined), and mHcrt_-385_XhoI (5'-ccG cTc GAG AGG TAc ccT ccc TAc cTT cAA-3'; the XhoI site is underlined) was subcloned into the pGL3-basic plasmid (473 bp-basic). In the 473 bp-basic plasmid, the PLAGL1 binding site was deleted from the prepro-hypocretin promoter sequence.
All the constructs were confirmed to have no mutation, insertion or deletion by sequencing analysis using the BigDye Terminator Cycle Sequencing Reaction kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) and the ABI PRISM 3100 Genetic Analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc.). Both strands were read with sequence primers (Table SI) .
Chromatin immunoprecipitation (ChIP)-PCR.
The brains of 12-week-old c57 black/6J mice were rapidly removed at ZT6, and the hypothalamus was dissected coronally from the optic chiasma to the mammillary bodies (-3.5 mm from the bregma) using a brain slicer (Zivic Instruments, Pittsburgh, PA, USA). The dorsal limit of the hypothalamus was the roof of the third ventricle, while the lateral limit was the amygdala (21) . The hypothalamus was finely minced with a razor blade and crosslinked with 1% formaldehyde for 10 min at room temperature; a final concentration of 0.125 M glycine was added to block further crosslinking. Tissues were washed twice with ice-cold PBS, and a crude nuclear extract was prepared according to a previously reported method (22) . To obtain digested genomic dNA ranging between 150 and 900 bp, the nuclear extract was incubated with micrococcal nuclease (cell Signaling Technology, Inc., Tokyo, Japan) for 20 min at 37˚C. The size of the DNA fragments was confirmed by gel electrophoresis following treatment with RNase I for 30 min at 37˚C and Proteinase K for 2 h at 65˚C. The lysate was sonicated at 43 kHz three times (20 sec/sonication) at 4˚C, centrifuged and the obtained supernatant was diluted in chIP buffer (Cell Signaling Technology, Inc.) overnight at 4˚C on a wheel rotator with either 2 µg mouse anti-ZAC1 antibody (c-7)X (cat. no. sc-166944 X; Santa cruz Biotechnology, Inc.), which was used to capture the PLAGL1 protein, or 2 µg normal rabbit IgG (cat. no. 2729; cell Signaling Technology, Inc.), which was used as a negative control. Samples were then incubated with Protein G agarose beads for 2 h at 4˚C. Beads were washed with low-and high-salt wash buffers, and DNA templates for PCR were purified from the resulting dNA-protein complexes. chIP-PcR analysis was performed using KOd plus dNA polymerase (Toyobo Life Sciences), primers (Table SI) and a thermal cycler, with the following settings: One cycle at 95˚C for 5 min, followed by 35 cycles of denaturation at 94˚C for 30 sec, annealing at 58˚C for 30 sec and extension at 68˚C for 30 sec.
Luciferase reporter assay. NIH3T3 (murine embryonic fibroblast; American Type culture collection, Manassas, VA, USA) cells were grown in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in an atmosphere containing 5% CO 2 .
cells were seeded at a density of 1x10 4 cells/well in 96-well cell culture plates. Two types of luciferase plasmids and one expression vector were co-transfected into the cells with Lipofectamine ® 3000 Transfection Reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The amounts of co-transfected plasmids and vectors per well were as follows: 100 ng firefly luciferase-encoding reporter plasmid (pGL3), 10 ng Renilla luciferase-encoding internal control plasmid (pGL4.74), and 100 ng expression vector pcAGGS (control plasmid as mock) or pcAGGS-mPlagl1. Approximately 48 h post-transfection, luciferase activities were measured sequentially in duplicate using Dual-Glo Luciferase Reporter assay reagents (Promega corporation) and an EnSpire plate reader (PerkinElmer, Inc., Waltham, MA, USA), according to the manufacturer's protocol. The activity of firefly luciferase luminescence (FLU) from the pGL3 plasmid and the activity of Renilla luciferase luminescence (RLU) from the pGL4.74 plasmid were measured independently. The relative luciferase activity per well was determined as FLU divided by RLU values. data for the relative activities were expressed as the mean of at least eight independent experiments. Mouse Plagl1 mRNA expression was confirmed after transfection by PCR with gene specific primers (Table SI) 
(data not shown).
In situ hybridization of embryos. In situ hybridization using digoxigenin-labeled cRNA probes was performed on cryosections. The procedure of fixing and sectioning brain samples at E13, E14, and E18 were the same as aforementioned. Briefly, at E10-E12, embryos were immersed in 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4) for 16 h at 4˚C, cryoprotected in 20% sucrose in 0.1 M phosphate buffer (pH 7.4) for 6 h at 4˚C and cryosectioned into 25-µm coronal sections. Riboprobes for murine Plagl1 and negative control riboprobes for murine Plagl2 were generated by PcR with either the mPlagl1_606F (5'-GAA GTT cAc cAT TcA cAA TTA TTc c-3') and mPlagl1_1992R (5'-AAT GGc TAT ATT cAc AGc ATc TAc c-3') primer pair, the mPlagl1_1968F (5'-GGT AGA TGc TGT GAA TAT AGc cAT T-3') and mPlagl1_3513R (5'-TGA GTA TcA cAG Tcc AcA AAA cAc T-3') primer pair, the mPlagl2_587F (5'-GAG TGT GGT AAG AAT TAT AAT AcA AAG cTG-3') and mPlagl2_1822R (5'-Tcc ATA TAG AcA cTA GAA TTT TcT TTT TGA-3') primer pair, or the mPlagl2_3352F (5'-AcT AGG GTT TcA GGA cAG AcT Acc T-3') and mPlagl2_4857R (5'-AAc Acc TAc cTA AGG CAA AGT TTC T-3') primer pair, with subsequent sub-cloning of the PcR products into the pGEMT-easy vector (Promega corporation) and in vitro transcription with dIG-11-UTP (cat. no. 3359247910; Sigma-Aldrich; Merck KGaA). Brain sections were post-fixed in 4% formaldehyde for 10 min at 20-22˚C, acetylated with 0.5% acetic anhydride in 0.1 M triethanolamine (pH 8.0) for 10 min and rinsed in PBS. The slides were pre-hybridized in a hybridization buffer without cRNA probe at room temperature for 2 h and hybridized using a hybridization buffer (50% formamide, 5X SSPE, 1 mg/ml yeast tRNA, 0.2% sodium dodecyl sulfate) containing 1 µg/ml cRNA probe at 60˚C overnight. The next day, slides were washed in 2X SSC containing 50% formamide at 60˚C for 1 h. Hybridization was detected using an anti-digoxigenin Fab (1:2,000; cat. no. 11093274910; Sigma-Aldrich; Merck KGaA) for 1 h at 20-22˚C coupled to alkaline phosphatase using NBT/BcIP. The resulting digoxigenin signals with Plagl probes were captured using a microscope mounted with a digital camera (Olympus BX51 and dP70; Olympus corporation).
In utero electroporation. In utero electroporation was performed according to a previously reported method (8) , with some modifications. Briefly, ~1 µl pCAGGS-mPlagl1 and pCAGGS-EGFP expression vectors (2 µg/µl) for the PLAGL1 group, or 1 µl pCAGGS and pCAGGS-EGFP expression vectors (2 µg/µl) for the mock group were mixed with 0.05% Fast Green as a tracer and injected into the third ventricle of each c57 black/6J mouse embryo (E12) using free-hand injections with a glass capillary pipette through the uterine wall. Electrodes (3 mm round shape; cUY650P3; Nepa Gene co., Ltd., Ichikawa, Japan) were placed on both sides of the embryo, near the head of the embryo, and electroporation was performed using a square-pulse electroporator cUY21 EdIT in vivo electroporator (Nepa Gene co., Ltd.) (four pulses; amplitude, 39V; duration 50 msec; interval between pulses, 950 msec), resulting in gene transfer into one side of the hypothalamus. control mice were electroporated with the same vectors from the lateral ventricle into the cortex. Intact embryos or gene electroporated-embryos were harvested at E14, E15, E18 or postnatal day (P)0, and the embryos were transcardially perfused with 4% formaldehyde in a 0.1 M phosphate buffer (pH 7.4). The whole brains were removed, post-fixed, and cryosectioned into 30-µm coronal sections. Hypocretin and PLAGL1 expression levels were detected by immunofluorescence methods using either a rabbit anti-hypocretin-1 or a mouse ZAc1 antibody, and a goat Alexa Fluor ® 594-labeled anti-rabbit or anti-mouse IgG. The resulting hypocretin and PLAGL1 signals were visualized under a fluorescence microscope mounted with a digital camera (Olympus BX51 and dP70; Olympus corporation). To reduce the background signals in embryo staining, the Mouse on Mouse Immunodetection kit (Vector Laboratories, Inc., Burlingame, cA, USA) was used, according to the manufacturer's protocols.
Quantitative PCR (qPCR).
Total RNA was isolated from the hypothalamus of each of the control animals (n=8, 12 weeks old), HFd animals (n=8) at ZT6, P0 embryos in the mock group (n=4) or P0 embryos in the PLAGL1 group (n=6) using Sepasol-RNA I Super G reagent (Nacalai Tesque, Inc., Kyoto, Japan). Single-stranded cdNA was synthesized using the PrimeScript RT reagent kit with gdNA Eraser (Takara Bio, Inc., Otsu, Japan), according to manufacturer's protocol. The expression levels of each mRNA were determined by qPCR with the Rotor-Gene Q system (Qiagen GmbH, Hilden, Germany) using the THUNDERBIRD qPCR mix (Toyobo Life Science) and gene-specific primers (Table SI) . PcR products were amplified using the following thermocycling conditions: One cycle at 95˚C for 1 min, followed by 40 cycles at 95˚C for 10 sec and 60˚C for 60 sec. The housekeeping gene with minimum diurnal variation in the hypothalamus was identified in a previous study by checking gene expression every 4 h over a 24-h period (23). Subsequently, the relative level of target gene expression was evaluated using the 2 -ΔΔCq method (24) with hypoxanthine phosphoribosyltransferase 1 as an internal control.
Statistical analyses. Statistical analyses were conducted using IBM SPSS version 25 (IBM corp., Armonk, NY, USA) or Microsoft Excel 2013 software (Microsoft corporation, Redmond, WA, USA). data are presented as the means ± standard deviation. Normality was analyzed by the Shapiro-Wilk normality test for all groups. F-test was used to determine homoscedasticity for all comparisons. All groups were normally distributed in the hypocretin neuron counts, PLAGL1 counts and PLAGL1 immunopositivity experiments (P>0.05). One-way analysis of variance (ANOVA), followed by Steel's post hoc test against the control group (ZT6), was used to analyze the differences; P<0.05 was considered to indicate a statistically significant different (n=4-5). The differences in hypocretin and Plagl1 expression due to HFd compared to the control group were compared using two-tailed Student's t-tests. To evaluate alterations in β-2-microglobulin (B2m) expression due to HFd, the two-tailed Welch's t-test was used due to a lack of homoscedasticity; P<0.05 was considered to indicate a statistically significant difference (n=8). Alterations in promoter activity for each reporter plasmid with/without the PLAGL1 expression vector, or from pGL3-basic, were compared using one-way ANOVA followed by Tukey's post hoc test; P<0.05 was considered to indicate a statistically significant difference (n=8). The qPCR data of the in utero electroporation experiments were not normally distributed (P<0.05); therefore, the Mann-Whitney U-test was used to compare differences; P<0.05 compared to the contralateral side (mock group, n=4; PLAGL1 group, n=6) was considered to indicate a statistically significant difference.
Results
Localization of PLAGL1 in adult hypothalamic hypocretin neurons. Plagl1 mRNA expression was clearly detected in the lateral hypothalamic area (Fig. S1 ), which has also been reported in the Allen Brain Atlas database (25) . FEV PRRX1, VSX2 and other PLAG family proteins, including PLAG1 and PLAGL2, were not detected in the lateral hypothalamic area in this study (data not shown). To confirm the specificity of the by anti-PLAGL1 antibody (Fig. S2) . In the RNAscope experiments, the hypothalamus sections were treated with Proteinase K; therefore, it is possible that PLAGL1 proteins were partly degraded, resulting in weak or no immunopositive signals. Notably, hypocretin signals were weaker in Proteinase K-treated sections (Figs. 1 and S3 ) than in non-treated sections (Fig. 2) .
PLAGL1 is expressed in the lateral hypothalamic area, dorsomedial hypothalamic nucleus and arcuate nucleus of the adult male mouse hypothalamus at ZT6 ( Fig. 2A) and is localized within hypocretin neurons ( Fig. 2A and B) . A relatively specific and uneven nuclear localization of PLAGL1 was detected in the hypocretin neurons of the lateral hypothalamic area in mice with Sd6h (Fig. 2d, arrows) compared with ZT6 ( Fig. 2B) and ZT18 (Fig. 2c) in the dorsomedial hypothalamic nucleus at ZT6, ZT18 and Sd6h (Fig. 2E-G) , or the arcuate nucleus (data not shown). Subsequently, DAPI staining revealed diffuse nuclear staining of PLAGL1 at ZT6 (Fig. 2B and H-K) and a heterochromatin-like structure in the hypocretin neurons with Sd6h. The uneven nuclear localization of PLAGL1 was not merged with the heterochromatin-like structure (Fig. 2L-O) , suggesting that PLAGL1 was specifically related to the euchromatin structure and transcription in hypocretin neurons following SD6h. Furthermore, a significant increase was noted in the number and frequency of PLAGL1-positive hypocretin neurons at ZT18 compared with the control group (ZT6) (Fig. 3) .
Notably, 1 month of a HFd slightly increased the number of hypothalamic hypocretin neurons and induced a significant increase in the number and frequency of PLAGL1-positive hypocretin neurons compared with the control group (ZT6). In addition, 2 days of fasting affected the number of hypothalamic hypocretin neurons, and induced a significant increase in the number and frequency of PLAGL1-positive hypocretin neurons compared with the control group (ZT6) (Fig. 3) .
There was a significant increase in Plagl1 expression in the HFd group (n=8) (mean ± standard deviation, 1.55±0.30; P<0.05) compared with the control group (n=8) (1.22±0.15), although there was no significant difference in hypocretin (HFd vs. control, 1.58±0.32 vs. 1.44±0.31) and B2m (1.44±0.32 vs. 1.18±0.13) expression (Fig. 3) . B2m was examined as a reference gene.
PLAGL1 binds to the hypocretin upstream region in vivo.
The 'find' tool in Microsoft Word 2013 software (Microsoft corporation) was used to detect the known consensus binding site for PLAGL1 (19, 26) in the hypocretin gene upstream region, which is highly conserved between humans and mice and includes OE1 and OE2 (2, 3) . Newly identified PLAGL1-binding sites (G 4 N 2 G 4 ) (19) were found and are denoted as GGGGGTGGGGTAGGGGTTGGGG at position -496/-474, relative to the transcription start site, in the upstream region of the murine hypocretin gene (Fig. 4A) , and as GGGGGAGGGG at position -501/-492 in the human sequence (Fig. 4B) . Subsequently, a ChIP-PCR analysis was performed using primers specific to the murine hypocretin upstream region around the G 4 N 2 G 4 motifs (Fig. 4A and c) and negative control primers (-1617F and -1433R pair, and -355F and -205R pair) (Fig. 4C) , with purified DNA immunoprecipitated with an anti-PLAGL1 antibody. chIP-PcR analysis with the mHcrt_-611F and mHcrt_-440R primer pair revealed a positive reaction for the murine hypocretin upstream region around the G 4 N 2 G 4 motifs (Fig. 4c and d ). An additional positive reaction was found in the experiment using the mHcrt_-649F and mHcrt_-440R primer pair and the mHcrt_-751F and mHcrt_-507R primer pair ( Fig. 4c and d) . No amplification was detected from the purified DNA incubated with normal rabbit IgG (Fig. 4c and d) or water, which were used as negative control templates, or negative control experiments with the mHcrt_-1617F and mHcrt_-1433R primer pair and the mHcrt_-355F and mHcrt_-205R primer pair (Fig. 4d) .
PLAGL1 overexpression suppresses hypocretin promoter activity in NIH3T3 cells. co-transfection of the pGL3-basic plasmid with the pcAGGS (mean ± standard deviation, 0.444±0.090) or pcAGGS-mPlagl1 (0.517±0.044) vectors exhibited similar luciferase expression in NIH3T3 cells, Figure 3 . Number of hypocretin neurons, PLAGL1-ir number in hypocretin neurons, frequency of PLAGL1 and relative gene expression in hypocretin neurons. differences in the count of hypocretin neurons, PLAGL1 counts and PLAGL1 immunopositivity were compared using one-way analysis of variance followed by Steel's post hoc test. * P<0.05 vs. the control (CTL) group (ZT6). Four or five animals from each group were used for each immunohistochemical analysis. The differences in relative gene expression were compared using two-tailed Student's t-tests for hypocretin and Plagl1 expression, and two-tailed Welch's t-test for B2m. Eight animals from each group were used for gene expression analysis. B2m, β-2-microglobulin; CTL, control (mice sacrificed at ZT6); F1d, 1 day of fasting; F2d, 2 days of fasting; Hcrt, hypocretin; HFd, high-fat diet; ir, immunoreactive; Plagl1, pleomorphic adenoma gene-like 1; Sd, 6 h of sleep deprivation; ZT, Zeitgeber time; ZT18, mice sacrificed at ZT18. Bars indicate means, and error bars represent standard deviations.
indicating an absence of confounding endogenous transcriptional regulatory elements in the pGL3-basic plasmid (Fig. 4E) . The luciferase activity from 3.2 kb-basic with the pcAGGS vector (mock) exhibited a significant three-fold increase compared with the pGL3-basic with pcAGGS vector (mock) (1.205±0.161; P<0.001) in NIH3T3 cells (Fig. 4E) . The observed activities in the 3.2 kb-basic group were suppressed by co-transfection with the pcAGGS-mPlagl1 vector compared to mock in NIH3T3 cells (0.521±0.135; P<0.05; Fig. 4E ).
Subsequently a deletion mutant of the PLAGL1 binding site was generated (473 bp-basic). This deletion mutant reporter plasmid with mock led to significant increases in relative luciferase activity compared to pGL3-basic with mock in NIH3T3 cells (0.637±0.198; P<0.05; Fig. 4E ). No response to PLAGL1 was detected in the deletion mutant 473 bp-basic reporter plasmid with the pcAGGS-mPlagl1 vector compared to the deletion mutant with mock (0.644±0.183; Fig. 4E ), suggesting that the PLAGL1 binding ability to the prepro-hypocretin promoter region disappeared in the 473 bp-basic reporter plasmid; however, the promoter activities remained. Notably, the transcriptional activities of the prepro-hypocretin promoter sequence may be suppressed by PLAGL1 via the putative PLAGL1 binding site in NIH3T3 cells.
Localization of PLAGL1 within embryonic hypocretin neurons. Murine Plagl1 was detected in the periventricular zone of the mesencephalic, forebrain and telencephalic vesicle at E10, using either the mouse Plagl1 cRNA 606F-1992R probe (Fig. 5) or the 1968F-3513R probe (data not shown). Plagl1 signals were subsequently detected in periventricular areas and the hypothalamic sulcus at E11-E13. The co-expressed signals of hypocretin and PLAGL1 were also detected after E14 using immunofluorescence detection. Hypocretin neurons were positive for PLAGL1 in their nuclei at E18 (Fig. 5) . There was no signal with Plagl2 probes (data not shown).
In utero electroporation. To confirm the physiological relevance of PLAGL1 in hypothalamic hypocretin transcription, Plagl1 overexpression in the murine hypothalamus was generated using in utero electroporation. Electroporated EGFP expression was detected on one side of the hypothalamus at E15 (Fig. S4, arrows) . The present study confirmed the co-expression of PLAGL1 and EGFP following electroporation into the cortex using immunofluorescence detection (Fig. S5) ; however, it was noted that some background signals did not overlap with the EGFP signals even when using the Mouse on Mouse Immunodetection kit, which could be considered either endogenous neural expression, or the presence of blood cells and vesicles in the cortex. Although most EGFP-positive cells did not express hypocretin in the vicinity of the third ventricle, some EGFP-positive cells that moved to the cerebral parenchyma from the vicinity of the third ventricle were hypocretin-positive (Fig. S6, arrows) . Hypocretin expression in the cortex could not be detected after in utero electroporation of pcAGGS-mPlagl1 and pcAGGS-EGFP into the lateral ventricle (Fig. S5) , suggesting that PLAGL1 specifically affects hypothalamic hypocretin transcription. In some cases, EGFP/Plagl1 might have been electroporated from the bottom of the lateral ventricle or the outer portion of the dura matter, inducing hypocretin expression in the subthalamic nucleus and lateral hypothalamic area (Fig. S7) . These findings suggested that PLAGL1 may suppress hypocretin expression in the vicinity of the third ventricle as no hypocretin expression was detected in EGFP-positive cells in this zone, whereas the effects of PLAGL1 on transcription may be sufficient in some cells of the cerebral parenchyma, the lateral hypothalamic area and the subthalamic nucleus.
In order to avoid false positives associated with background signals in immunohistochemical staining, qPCR was performed to confirm the transcriptional effects of PLAGL1 on hypocretin. The EGFP expression levels were elevated on the electroporated side as compared with the contralateral side (contralateral side: mean ± standard deviation, 1,383.9±1,978.6 in the mock group, 723.4±1,057.6 in the PLAGL1 group; electroporated side: 42,006.1±75,966.2 in the mock group, 38,586.3±53,484.7 in the PLAGL1 group) in both the mock and PLAGL1 groups (Fig. 6 ). There was no significant difference in Plagl1 expression between the contralateral side (2.8±2.4) and the electroporated side (2.6±1.8) in the mock group, but there was a significant difference in Plagl1 expression (P<0.005) between the contralateral side (3.7±1.4) and electroporated side (7.9±1.5) in the PLAGL1 group. There was no significant difference in hypocretin expression between the contralateral side (27.6±20.1) and electroporated side (22.7±18.6) in the mock group, but there was a significant difference (P<0.01) in hypocretin expression between the contralateral side (21.9±15.3) and electroporated side (83.5±25.9) in the PLAGL1 group. Therefore, these data suggested that PLAGL1 may upregulate hypocretin transcription. PLAGL1 slightly affected neuronal pentaxin 2 transcription and significantly affected prodynorphin transcription. These two genes are concurrently expressed in hypocretin neurons (27, 28) . There was no effect of PLAGL1 on the housekeeping gene, B2m.
Since PLAGL1 is expressed in the lateral hypothalamic area, the dorsomedial hypothalamic nucleus and the arcuate nucleus of the hypothalamus, this study examined whether PLAGL1 affects transcription of other neuropeptides in hypothalamic neurons that project to/from hypocretin neurons. PLAGL1 overexpression affected the expression of pro-melanin-concentrating hormone, thyrotropin-releasing hormone (Trh) and oxytocin (Oxt), but not that of neuropeptide Y (Npy) and agouti related neuropeptide (Agrp) (Fig. 6 and Table SII) .
Discussion
Hypocretin contributes to energy expenditure and feeding behavior by regulating the activation of wakefulness and the sympathetic system (29, 30) , as well as the promotion of food-seeking behaviors (31) (32) (33) . during fasting, hypocretin expression is regulated by FOXA2, a downstream target of insulin signaling (10) . The present study demonstrated that hypocretin-immunoreactive neurons increased after fasting. It was hypothesized that PLAGL1, whose expression is also altered in response to fasting, may contribute to food-seeking behaviors after fasting. An increase in PLAGL1 frequency in the hypocretin nucleus was detected in the HFd group. Since an alteration in c-fos expression has been observed in 2-3-month-old mice fed a HFd (34), PLAGL1 may contribute to a change in hypocretin neuronal activity in response to a HFd. In addition, hypocretin-immunoreactive neurons and hypocretin mRNA were increased after a 1-month HFd. Therefore, PLAGL1 may be associated with hypocretin transcription even under a HFd condition. The role of hypocretin in the maintenance and stability of normal sleep and wakefulness is well known (35) . The present study revealed an increase in PLAGL1 in the active phase (ZT18) of hypocretin neurons, but no increase in hypocretin-immunoreactive cells in the active phase (ZT18); these findings suggested that PLAGL1 may have no effect on hypocretin transcription at night. Furthermore, the changes in hypocretin neuronal activity and the fluctuation of cerebrospinal fluid hypocretin-1 levels across the light-dark cycle and sleep-wake activities have been well documented (36) (37) (38) ; therefore, PLAGL1 may be involved in the modulation of hypocretin neuronal activity or the regulation of the hypocretin secretion-related protein at night. Increases in cerebrospinal fluid hypocretin levels following sleep deprivation (39, 40) are accompanied by an increase in hypocretin-immunoreactive neurons (41), c-fos expression (42) and hypocretin mRNA expression (43) , thus suggesting that hypocretin neurons may act to sustain vigilance during sleep deprivation. However, the present study did not detect a significant increase in hypocretin-immunoreactive neurons following sleep deprivation. Instead, sleep deprivation induced an uneven nuclear localization of PLAGL1. Because uneven nuclear localization of PLAGL1 also existed in control conditions (ZT6) and in ZT18, this change in distribution to an uneven position in the nucleus may be associated with an unknown or undefined physiological condition in hypocretin neurons. In the majority of interphase cells, dAPI-bright heterochromatin is present in the peripheral compartment, chromocenters and around the nucleoli. Heterochromatin regions hold a packed conformation and the included genes are silent. Euchromatin is a dim area in the inner compartment of the nucleus (44) (45) (46) . In this area, tissue-specific genes are transcribed. PLAGL1 was localized in the euchromatin region of hypocretin neuronal nuclei upon sleep deprivation. Since there was no direct effect of PLAGL1 on hypocretin transcription in mice with sleep deprivation, it may be suggested that PLAGL1 binds the euchromatin region upon sleep deprivation in order to regulate other mediators of hypocretin neuron activities.
The consensus binding site for PLAGL1 was identified as the sequence G 6 c 4 by the Systematic Evolution of Ligands by EXponential (SELEX) enrichment method (26); however, there were no G 6 c 4 sequences within the 0 to 2.0 kb upstream of the transcription start site in the murine hypocretin gene, as determined by the present manual search. Because SELEX aptamers consist of randomly generated sequences, there is a possibility that some genomic sequences were not examined using the SELEX method. Novel PLAGL1 binding sites (G 4 N 2 G 4 ) have been identified by chIP and genome-wide transcriptomics in PLAGL1 vector-transfected Neuro2a cells (19) . However, no hypocretin locus, including the ±20-kb region, was immunoprecipitated in these experiments (19) . The hypocretin gene locus might not be in the active state, thus explaining transient expression of PLAGL1 in Neuro2a cells. PLAGL1 cannot reach the hypocretin upstream region and, therefore, the hypocretin locus would not appear in the list of genes of Neuro2a cells (19) . It has been established that conversion from the inactive state to the active state by epigenetic switching is critical to the transcriptional regulation Figure 6 . Relative expression levels of hypothalamic genes following in utero electroporation. In utero electroporation was performed with pcAGGS-EGFP and pcAGGS-mPlagl1 (PLAGL1 group, n=6) to evaluate the effect of PLAGL1 on Hcrt transcription. control mice were electroporated with pcAGGS-EGFP and pCAGGS (mock group, n=4). Animals were harvested at P0 stage. Following total RNA extraction from the hypothalamus and cDNA synthesis, quantitative polymerase chain reaction was performed. The relative expression levels of each gene were normalized to the relative expression levels of Hprt1. Alterations in transcription levels between the electroporated and contra sides in each group were compared using the Mann-Whitney U-test. data are presented as the means ± standard deviation. Agrp, agouti related neuropeptide; B2m, β-2-microglobulin; contra, contralateral side (no electroporation); EGFP, enhanced green fluorescent protein; EP, electroporated side; Hcrt, hypocretin; Hprt1, hypoxanthine phosphoribosyltransferase 1; Nptx2, neuronal pentaxin 2; Npy, neuropeptide Y; Oxt, oxytocin; Pdyn, prodynorphin; Pmch, pro-melanin-concentrating hormone; Trh, thyrotropin-releasing hormone.
of hypocretin, but that requires time (47, 48) . Conversely, the present in vivo chIP assay using hypothalamic tissue revealed PLAGL1 binding to the hypocretin locus. PLAGL1 binding sites could be present in a constant active state and activated by several conditions. This G 4 N 2 G 4 consensus sequence is conserved even in the upstream region of the human hypocretin gene; therefore, PLAGL1 might also be important in human hypocretin transcription.
PLAGL1 can function as a transcription activator or repressor (26, 49, 50) . In this study, functional differences in PLAGL1 were detected; specifically, PLAGL1 acted as a repressor in NIH3T3 cells and as an activator in the embryonic murine hypothalamus for hypocretin transcription. Under 2-day fasting and HFd conditions, PLAGL1 frequency and hypocretin-immunoreactive neurons were increased. One possible explanation for this discrepancy is that PLAGL1 monomer binding to G 4 N 6 G 4 results in transcriptional repression, while dimer binding to G 4 N 6 G 4 induces transactivation (49, 50) . The same discrepancy might occur at G 4 N 2 G 4 sites. Since there are three G 4 N 2 G 4 binding sites in the proximal region of the prepro-hypocretin gene, dimer binding of PLAGL1 might occur after 2 days of fasting, a HFd and during embryonic development. There might be different proteins or small-RNAs that bind G 4 N 2 G 4 sites in NIH3T3 cells. As a result, PLAGL1 can only bind to one site of G 4 N 2 G 4 as a monomer in NIH3T3 cells.
In the present Plagl1 overexpression model using in utero electroporation, it was revealed that PLAGL1 may induce hypocretin expression, specifically in the hypothalamus. The majority of EGFP signals co-localized with hypocretin were detected in the cerebral parenchyma at a distance from the vicinity of the third ventricle, suggesting that some progenitor cells of the third ventricular zone need to migrate to the designated area from the ependymal layer of the third ventricle. The differentiation of these cells might also be affected by the gradient of some factors, including the hypothalamic patterning factor sonic hedgehog (9), the adult hypocretin neurogenesis inducer fibroblast growth factor 2 (51), generators of hypocretin neurons (47, 48) , or other unidentified factors at the time of migration or arrival at the designated area.
Neurons expressing Trh and Oxt interact directly with hypocretin neurons (52, 53) and were shown to be modulated by PLAGL1 overexpression in this study; however, no effect was detected on Npy or Agrp expression. Neurons expressing Npy and Agrp project to hypocretin neurons from the arcuate nucleus (52, 53) . It may be possible that there could have been some indirect effects from other neurons affected by PLAGL1 that project to hypocretin neurons.
In conclusion, the present study revealed the involvement of PLAGL1 in hypocretin transcriptional regulation; however, PLAGL1 is also expressed in other areas of the hypothalamus. Therefore, further in vivo studies using cross-hybridization with Plagl1 conditional knockout mice and hypocretin promoter-Cre mice (54) are required to clarify whether PLAGL1 directly or indirectly affects hypocretin expression.
